Breast reconstruction is an integral part of the breast cancer treatment process and has shown to positively impact the patient's psychosocial adjustment and quality of life. Three-dimensional (3D) visualization and quantification of the breast for different types of reconstruction procedures can allow for a better understanding of the changes in breast shape during the reconstruction process. It is important to realize that the reconstruction process can take as long as 18 -24 months and the breasts typically change shape over the recuperation period following completion of any given surgical procedure. In this study we present a novel approach for monitoring and quantifying changes in breast shape using 3D surface images of the torso in conjunction with curvature measurements. The results of this study can help provide information to surgeons and patients about the dynamic changes in breast morphology occurring during the various stages of the reconstruction process. In our approach, we compare the curvature values of different regions of the breasts at longitudinal time-points of approximately 3-month intervals over the course of the reconstruction process. Results are shown for six patients. Three patients underwent the Transverse Rectus Abdominis Myocutaneous (TRAM) flap procedure for breast reconstruction, and the remaining three patients underwent implant-based reconstructions. Through our approach, we saw significant changes occurring along the lower pole of the breasts during the reconstruction process, which showed the importance of performing temporal evaluation in order to detect these changes.
Introduction
Breast cancer is one of the most commonly diagnosed cancers among American women. According to National Cancer Institute (NCI), in 2014, an estimated 232,670 new cases of breast cancer were diagnosed in women in the United States. Breast cancer treatment typically involves complete or partial removal of the breast(s) resulting in permanent deformation of the breast. This deformation affects both self-esteem and body image of breast cancer survivors. Through breast reconstruction, the breast mound can be restored, which can enhance a patient's psychosocial and psychosexual well-being [1, 2] . After a mastectomy, a patient may be a candidate for immediate, delayed, or no breast reconstruction depending upon their body habitus and medical history. A patient's desires/preferences as well as financial situation also play an important role in determining type and timing of reconstruction. Typically, the reconstruction process may occur over a year or more. Sometimes, the contralateral natural breast has to be operated on as well in order to achieve an overall symmetrical appearance. It is important to recognize that the type of breast reconstruction that will give the best results varies from person to person. The two main types of breast reconstruction are implant-based and autologous tissue-based (e.g., Transverse Rectus Abdominis Myocutaneous; TRAM flap). The long-term goal of this study is to develop a model for predicting outcomes from different breast reconstruction procedures, such as implants and tissue flaps, during the reconstruction process. As a preliminary step we were interested in monitoring the differences in breast curvature between implant and tissue flaps on various patients during the reconstruction process. In this study, we present an approach for visualizing and quantifying changes in breast morphology at longitudinal time-points for women receiving a breast implant or a TRAM flap. This information allows a better understanding of the changes in breast shape throughout the surgical process and the resulting outcome.
Related Work
3D simulations of the breast are being developed by others as a surgical aid for the surgeon and as means of communication between the surgeon and patient. Current research is focusing on 3D imaging and simulation to address the uncertainties of breast surgery by providing visuals to surgeons and patients and to enable improved perception and understanding of changes in the morphology and shape of the breasts during breast reconstruction. Tepper et al [3] mention how 3D imaging can help provide guidance in choosing the tissue expander sizes during the reconstruction process. Patient and surgeon communication can also benefit, allowing a surgeon to use visual aids to give more accurate explanations of what can be accomplished through surgery. Chen et al [4] have developed a system that will allow surgeons to create or fit a model for a patient in order to help the patient visualize the most likely result from plastic or reconstructive breast surgery. Another model uses 2D images of previous patients to morph the 3D shape of the breast [5] . Roose et al [6] simulate implant modeling using Mass Tensor models that are based on continuum mechanics of linear elastic materials. Roose et al [7] conducted a comparative study of different simulation methods for subglandular breast implantation. To our knowledge, there has not been a study on longitudinal quantification of the female breast during the reconstruction process. The results of this study are to be used in development of models for more accurate prediction of surgical outcomes.
Data Acquisition

Imaging System
Three-dimensional surface images of breast cancer patients (IRB approved) were captured with the 3dMDTorso System (3dMD LLC., Atlanta, GA) prior to primary reconstructive surgery and at approximately 3, 6, 9, 12, and 18 months postoperatively. The 3dMDTorso enables the capture of 3D data clouds of 75,000 points. Each reconstructed surface image consists of a 3D point cloud, i.e., x, y, z coordinates, and the corresponding 2D color map. Only the frontal portion of the torso is imaged resulting in a surface mesh, which excludes the back region.
Study Sample
Six patients were studied; three patients had TRAM flap reconstruction and the other three had a breast implant reconstruction (see Table 1 ). The patients' ages ranged from 34 to 54 years and the BMI ranged from 20.4 to 39.6. All six patients began with temporary tissue expanders, which were later replaced with a TRAM flap or an implant. Patients A and B had unilateral TRAM flap procedures and patient C had a bilateral TRAM flap procedure. The three other patients (labeled D, E, and F) received breast implants; Patient D and F had implant reconstruction in both breasts while Patient E received an implant reconstruction in the left breast only. 
Methodology
Image Cropping
As a first step, the torso images were manually cropped to remove the neck, arms, legs and abdomen, leaving only the upper portion of the torso encompassing the breast as the region of interest (ROI). As shown in Figure 1 , the ROI was defined from the vertical level of the sternal notch down to the lowest visible point of the breast. Horizontally, each breast was cropped individually from the longitudinal axis to the lateral point. These crops were performed using customized software developed in Java specifically for processing and analyzing the 3D surface images of breast cancer patients [8] . The left and right breasts were analyzed individually over the different time-points. 
Curvature Analysis
Our approach was to analyze changes in the surface geometry of the breasts from the baseline image throughout the process of TRAM flap/implant reconstruction. The orientation of surface geometry can be defined by the direction of the surface normal, which is a vector that is perpendicular to the tangent plane to that surface at a given point. Based on the surface normal, the maximum angular difference between close lying points (within 10 mm) was recorded. The breasts were divided into radial sections based on the angle from the nipple location (which was manually estimated for breast mounds devoid of a nipple as a result of surgery) and the z coordinate. The divisions occurred at intervals of 60 degrees in the angular direction and the breast was split in half in the z direction based on the highest and lowest recorded z points, resulting in a total of 12 compartments as shown in Figure 2 . A concatenated distribution of the angular differences combining all the 12 histograms was created for further analysis including measuring similarity based on the Bhattacharyya distance [9] . Figures 3 -8 present results for the six patients, wherein the average value of the distribution for each section is displayed to show overall regional changes. The curvature analysis was done using Matlab (Mathworks, Natick, MA). 
Results
The upper pole of the reconstructed breast of Patient A (Fig. 3) showed relatively small changes in curvature throughout the reconstruction process with a tendency towards lower curvature, whereas the lower pole showed a gradual decrease in convexity starting at 8 months. At baseline (Fig.4) , we observed maximal curvature at the lower pole of the natural breast for Patient B.
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Figure 3. Patient A's 3D surface images of the TRAM reconstructed left breast from preoperative to 9 months postoperative (top row). 2D plots of the corresponding left breast analyses exhibited low (blue) to high curvature (red) (bottom).
Figure 4. Patient B's images of the TRAM reconstructed right breast from baseline to 12 months postoperative (top row). The corresponding right breast analyses exhibited low (blue) to high curvature (red) (bottom).
However, the tissue expander significantly decreased the maximal curvature of the lower pole and the medial and lateral sides of the breast to some degree at 3 months. Six months after the TRAM flap was placed, the lower pole curvature was restored toward normal (compared to baseline) and then exceeded baseline at 12 months. Similarly, the medial and lateral breast areas of Patient B were restored towards normal at 6 months, but only the lateral part of the breast was restored to normal at 12 months. The medial pole of the breast exhibits higher curvature when compared to baseline. Patient C (Fig.5) showed a gradual settling of the breasts after the temporary tissue expanders were replaced with implants at baseline. The upper pole decreased in curvature while the lower pole increased in curvature.
Figure 5. Patient C's Images of the TRAM reconstructed right breast from baseline to 18 months postoperative (top row). 2D plots of the corresponding right breast (middle row) and left breast (bottom row) analyses exhibited low (blue) to high curvature (red).
Figure 6. Patient D's 3D surface images of the implant reconstructed breasts from preoperative to 18 months postoperative (top row). 2D plots of the corresponding right breast (middle row) and left breast (bottom row) analyses exhibited low (blue) to high curvature (red).
After mastectomy, both breasts of Patient D (Fig.6) showed less curvature on the bottom pole at 6 months. During tissue expansion, the lower pole gradually increased in curvature while the upper pole appeared to decrease slightly in curvature. Patient E (Fig.7) had high curvature in the upper pole at baseline. At 3 months, the tissue expander is replaced with an implant and the upper as well as the lower regions appear to decrease in curvature. The lateral pole also decreases in curvature. Patient F (Fig.8) , who initially started with tissue expanders that were later replaced with implants in both breasts, had high curvature in the lower pole. The curvature in the lower pole gradually decreases over the course of 21 months. The lateral parts of both breasts also decrease in curvature.
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Figure 7. Patient E's images of the implant reconstructed left breast from baseline to 12 months postoperative (top row). 2D plots of the corresponding right breast analyses exhibited low (blue) to high curvature (red) (bottom).
Figure 8. Patient F's images of the implant reconstructed breasts from baseline to 21 months postoperative (top row). 2D plots of the corresponding right breast (middle row) and left breast (bottom row) analyses exhibited low (blue) to high curvature (red).
To quantify the changes in breast morphology, the histograms of the angular differences at each time point for each breast were compared using the Bhattacharyya distance to the 3D surface image with the temporary tissue expander (see Table 3 ). The base image (visit 1) compared to itself has the value of 1, and it can be seen in Figure 9 that the similarity decreased with time. The similarity trend was similar between the patients who received TRAM flaps and the patients that received implants except for Patient A, who had a significant decrease in similarity at visit 4. 
Conclusion
Longitudinal quantification of the female breast during breast reconstruction is an important preliminary step towards designing a model that will more accurately predict outcomes. Prior work focused on predicting only the final outcome through manual modeling or objective modeling based on images of previous patients and Mass Tensor models. Our approach measured curvature in different regions of the breast at different time-points during the reconstructive process for each patient. Through this study, we identified significant curvature changes in the lower pole during breast reconstruction for these patients. The tissue expander generally increases curvature in the upper pole of the breast and reduces curvature in the lower pole. Over time, after the tissue expander is replaced with a TRAM flap or implant and as edema resolves, the tissue settles and accommodates to gravitational forces that pull the breast downward and an increase in curvature is observed in the lower pole of the breast. However, for Patient F, after exchanging the tissue expanders with implants, the breasts actually recede over time leading to low curvature values in the lower half. Further analysis of these intermediate outcomes will contribute towards understanding the dynamic changes of the breast during breast reconstruction and predicting a more accurate final outcome. 
Future Work
Future work includes incorporating automatic fiducial point detection and cropping to achieve a more robust evaluation of the data from different time points and exploring other methods of temporal quantification of the breasts. We further want to study how demographics (e.g. age and weight), may play a role in surgical outcomes over time with reconstruction as well as associations between surgical outcomes and psychosocial outcomes (e.g., quality of life, body image. The results of this study will contribute towards the design of a decision support system for breast cancer patients. While the similarity plot based on Bhattacharyya distance showed similar trends between patients who underwent a TRAM procedure and patients with an implant procedure, we want to explore additional options of comparing the two procedures that may show different trends.
